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Tannic acid (TA) is a natural phenolic compound which can be found in fruits and many kinds of plants. The content of TA in fruits, tea, and beer can strongly influence their taste, and hence, it is an important parameter to evaluate and control the quality of these products (Alasalvar et al. 2013) . TA is also used as an additive in the medicinal industry, including those used for the treatment of burns and diarrhoea (Wan et al. 2007) . TA may combine with metals to form tannic acid-metal complexes which have a toxic potential to the root system of plants (Kinraide & Hagermann 2010) . For these reasons, the determination of tannic acid has been of great importance. Several methods have been developed for this purpose including colorimetry, chromatography, chemiluminescence and spectrophotometry (Varanka et al. 2001; Xie & Cui 2003; Naczk & Shahidi 2004; Pelozo et al. 2008) . Compared with those methods above, electrochemical techniques for tannic acid determination have some advantages such as: high sensitivity, accuracy, simplicity and low expense (Lu 2004; Xu et al. 2009; Raj et al. 2013; Vu et al. 2013) . Among carbon based electrodes, pencil graphite electrodes (PGEs) have some advantages such as commercial availability with low cost, good mechanical rigidity, disposability, renewability, and ease of modification. Due to those useful and important characteristics, scientists have focused on the use of PGEs for phenolic compounds analysis (Buratti et al. 2008; Muti et al. 2013) .
In this paper, we described a simple and rapid method for the determination of TA using a pretreated pencil graphite electrode (Pre-PGE).
MATERIAL AND METHODS
Reagents and equipment. All of the reagents including TA (99.8% purity) were purchased in SigmaAldrich (Dortmund, Germany). Deionised water was used in this study (G ≤ 0.055 μS). Dissolved oxygen was removed from all the solutions by purging with argon for 15 min (purity 99.99%; Linde Technoplyn, Prague, Czech Republic).
A solution of TA (10 -2 mol/l) was freshly prepared with deionised water and was kept in a dark bottle A three electrode system consisting of PGE (working electrode), Ag/AgCl/3.0 M KCl (reference electrode) and platinum wire (counter electrode) connected to a potentiostat (PalmSens; Ivium Technologies B.V., AJ Eindhoven, the Netherlands) was used for electrochemical measurement. Pencil leads of 0.5 mm in diameter and 60 mm in total length (Faber Castell, Germany) and a mechanical pencil Model T 0.5 (Rotring, Hamburg, Germany) were used in this study. Electrical contact to the lead was obtained by wrapping a metallic wire to the metallic part of the holder. For each measurement, a total of 10 mm of lead was immersed into the electrolyte.
Preparation of Pre-PGEs. Pre-PGEs were prepared by two different pretreatment methods: cyclic voltammetric technique and chronoamperometric technique. In the first technique, the cyclic voltammograms were applied at various potential ranges [(-
with a scan rate of 50 mV/s for 5 scans. In the second method, the surface of PGE was pre-treated by applying a potential of +1.45 V for 60 s in the supporting electrolyte (0.1 M phosphate buffer solution containing 0.1 M KCl, pH 7.0). After the pretreatment, the Pre-PGEs were used for the determination of TA using anodic stripping differential pulse voltammetry (ASDPV) (potential range 0-0.8 V; potential step 25 mV; potential pulse: 25 mV; pulse time 0.05 s; scan rate 50 mV/s). The effects of pH, accumulation potential and accumulation time were optimised. All of the PGE electrodes were treated directly before each measurement.
Standard spectroscopic method for determination of TA. The spectroscopic method was performed using AOAC International Official Method 952.03, which involves the reaction between TA and FolinDennis reagent in the presence of saturated sodium carbonate (Horwitz & Latimer 2007) .
Sample preparation. The novel method was also used for the determination of TA in some food samples such as: white wine (Neuburger variety; Vinselekt Michlovský a.s., Rakvice, Czech Republic), fruit juice (Multi-vitamin variety, Vitafit; Lidl Stiftung & Co., KG, Neckarsulm, Germany), and black tea (Pigi; Total Global Beverages, Czech Republic). For this purpose, 1.5 g of black tea was extracted by 100 ml hot water for 10 minutes. The filtered sample (Whatman No. 5) was transferred to a 250-ml volumetric flask, and diluted with deionized water until the mark was reached. Wine and fruit juice samples were used directly after filtration. The collected liquids were employed for both the electrochemical and spectroscopic method. Statistical differences were computed using Student's t-test at the probability level P = 0.05 (OriginPro 9, OriginLab Corporation, Northampton, USA).
RESULTS AND DISCUSSIONS
The effect of pretreatment method. It is known that the pretreatment at positive potentials can increase the hydrophilic properties of the electrode surface, which provides a good adsorption property to PGE, and hence, may increase the effectiveness of the pre-concentration step in stripping techniques (Dilgin et al. 2012) . Our preliminary study showed the insignificantly different effect between the two techniques for the pretreatment of PGEs (data not shown). Since the chronoamperometric method was simpler and faster than the cyclic voltammetric technique, it was chosen for the electrochemical treatment of PGEs in the subsequent experiments.
The effect of pretreatment on the oxidation of TA. The responses of TA oxidation on Pre-PGE and bare PGE obtained by the ASDPV technique in a B-R buffer pH 4.0 were compared. As can be seen in Figure 1 , the oxidation peak was obtained at the potential of 0.35 V for both Pre-PGE (3.95 ± 0.11 μA) and PGE (0.98 ± 0.08 μA) in the presence of TA (P < 0.01). The effect of the scan rate. The electrochemical behaviour of Pre-PGE was investigated by recording cyclic voltammograms in a B-R buffer (pH 4.0) at various scan rates in the presence of 1 × 10 -5 mol/l TA. As indicated in Figure 2 , the oxidation peak potential appeared at the same position with the increase of the scan rate. This phenomenon was very different from the literature where the increase of the scan rate was followed by the shift of the oxidation peak potential. The oxidation currents increased linearly with the scan rate (Figure 2 ; inset) (I a = 0.0183v + 0.0997 µA; r 2 = 0.997) indicating that the electrochemical process of TA at Pre-PGE was a surface-controlled process. The effect of some parameters on determination of TA by ASDPV. The pH, accumulation potential and accumulation time have important effects on the determination of TA using ASDPV. As can be seen in Figure 3 , pH influenced both the oxidation potential and the oxidation current. The oxidation potential shifted to the less positive values with increasing pH from 2.0 to 7.0. The oxidation of TA did not occur on pre-PGE under alkali conditions. Accumulation potential and accumulation time exhibited only the oxidation current relationship (data not shown). Therefore, the optimum conditions were chosen as: supporting electrolyte (B-R buffer pH 4.0), accumulation potential (-0.1 V), and accumulation time (180 s). From these conditions, a calibration curve was obtained over the concentration range of TA 5-500 × 10 -9 mol/l ( Figure 4 ). The limit of detection (LOD) using the equation LOD = 3s b /m and the limit of quantification (LOQ) using the equation LOD = 10s b /m were found to be 1.5 × 10 -9 mol/l and 5.0 × 10 -9 mol/l, respectively. The parameter s b is the standard deviation of the blank response and m is the slope of the calibration plot.
The repeatability of the method was investigated by the repeated measurements of 8.0 × 10 -9 , 1.0 × 10 -7 , and 0.5 × 10 -6 mol/l TA (n = 10) and the relative standard deviations (RSD) were found to be 5.83, 6.10, and 6.42 %, respectively.
The enhancement of the electrochemical activity of PGE toward tannic acid can be attributed to the increased formation of oxygen-containing groups, such as carbonyl and carboxyl on the graphite lead surface during the treatment procedure (Alipour et al. 2013) . Since the response of Pre-PGE toward tannic acid decreased with the increase of pH, we may imply that specific interactions (likely hydrogen bonds) between oxygen-containing groups on the surface of the electrode and hydroxyl groups of tannic acid arise under acidic conditions. With increasing pH, deprotonisation of both oxygen-containing groups in the pencil lead and hydroxyl groups in TA occurred leading to a repulsion of negatively charged TA from the negatively charged surface. A possible mechanism for the reaction of tannic acid on the hydrophilic surface of Pre-PGE can be proposed in the following steps:
(1) pre-concentration step (buffer solution at pH 4.0, deposition potential -0.1 V, deposition time 180 s).
(2) Stipping step (buffer solution at pH 4.0, positive scan from 0.0 to +0.8 V)
The various analytical detection parameters such as accumulation time, decomposition potential, linearity ranges, and calculated LOD obtained from the Pre-PGE were compared with other modified electrodes. As can be seen from Table 1 , previous studies showed an insignificant influence of accumulation potential on the pre-concentration step while our study demonstrated that the accumulation potential -0.1 V significantly enhanced the oxidation of TA. The LOD obtained from the proposed method was lower than those obtained from other modified electrodes. It could be concluded that the Pre-PGE had a significant effect on the oxidation of TA. In addition, the preparation of the Pre-PGEs is simpler and cheaper than the preparation of other electrodes compared in Table 1 .
Interference studies. The influence of potentially interfering species on the detection of tannic acid was investigated. The criterion used for the presence of interference was a 5% or greater change in the peak current of 0.5 × 10 -6 mol/l tannic acid. Xu et al. (2009) , our results showed a lower influence of potentially interfering species.
Determination of tannic acid in real samples. The proposed method was applied to tannic acid determination in black tea infusion, white wine and fruit juice samples with results shown in Table 2 . The content of TA did not show any statistical differences in comparison with the standard spectrophotometric method (P > 0.05). 
CONCLUSION
In this study the electrochemical determination of TA on the surface of Pre-PGE by ASDPV was firstly investigated. This kind of electrochemical sensor is proved to be of high sensitivity, excellent selectivity and reproducibility. It was shown that the pretreatment procedure remarkably enhanced the oxidation peak current of TA compared with the normal PGE. The proposed method was successfully applied in real samples. The detection limit of TA was estimated to be 1.5 × 10 -9 mol/l in this work.
